Abstract: Incomplete and low-fidelity genome duplication contribute to genomic instability and cancer development. Difficult-to-Replicate Sequences, or DiToRS, are natural impediments in the genome that require specialized DNA polymerases and repair pathways to complete and maintain faithful DNA synthesis. DiToRS include non B-DNA secondary structures formed by repetitive sequences, for example within chromosomal fragile sites and telomeres, which inhibit DNA replication under endogenous stress conditions. Oncogene activation alters DNA replication dynamics and creates oncogenic replication stress, resulting in persistent activation of the DNA damage and replication stress responses, cell cycle arrest, and cell death. The response to oncogenic replication stress is highly complex and must be tightly regulated to prevent mutations and tumorigenesis. In this review, we summarize types of known DiToRS and the experimental evidence supporting replication inhibition, with a focus on the specialized DNA polymerases utilized to cope with these obstacles. In addition, we discuss different causes of oncogenic replication stress and its impact on DiToRS stability. We highlight recent findings regarding the regulation of DNA polymerases during oncogenic replication stress and the implications for cancer development.
Introduction
To maintain genome integrity, complete genome duplication requires careful orchestration of the replication machinery through active coordination of DNA synthesis and repair. Encounters with structural impediments in the genome can lead to the slowing or stalling of the replication fork. This phenomenon, termed replication stress, results in uncoupling of the helicase from the replisome polymerases, creating long stretches of single-stranded DNA and activating a cascade of signaling pathways referred to here as the replication stress response [1] . DNA replication stress has emerged as a key factor driving genome instability during tumor cell evolution [2] [3] [4] . Persistent replicative stress and unresolved fork stalling leads to repair processing and/or collapse of stalled DNA replication forks, ultimately resulting in double strand breaks [3, 5] . The replication stress response coordinates DNA replication initiation and elongation, with the ability to rescue and resume synthesis at stalled replication forks [1, 5] .
Replicative polymerases encounter many Difficult-To-Replicate Sequences, or DiToRS, regions of the genome that hinder DNA synthesis elongation [6] [7] [8] . Impediments to genome replication arise from both endogenous and exogenous sources. Endogenous replication fork barriers include naturally arising physical obstacles, such as protein-DNA complexes or transcription-replication collisions (e.g.,
Endogenous Genome DiToRS
The human genome is characterized by its DNA sequence complexity and high repetitive DNA content [17] . With distinct sequence properties such as base composition, symmetry, and length, repetitive sequences can form DNA secondary structures alternative to the right-handed B-DNA helix [18] more favorably than random DNA sequences (reviewed in [7, 11] ). For instance, left-handed Z-DNA duplexes form within alternating purine-pyrimidine sequences [19] ; H-DNA triplexes form within polypurine/polypyrimidine tracts and mirror repeats [20, 21] ; and both intramolecular and intermolecular four stranded structures form within repeats rich in adjacent guanines [22] such as telomeric repeats [23] . In addition, specific motifs can form unique, localized structures, including, but not limited to, bent DNA within A-rich tracts [24] , G quartets or G quadruplex (G4) structures formed within G-rich tracts [25] , and cruciform structures and hairpins formed between inverted repeats or quasipalindromes [26, 27] .
The presence of repetitive sequences is a major factor impacting genome stability, and non-B DNA secondary structures play an important, causative role in human cell mutagenesis and disease [28] [29] [30] . DiToRS exert their effects on genome instability by interfering with DNA synthesis accompanying any phase of DNA metabolism: replication, repair, or recombination. Below, we summarize evidence for the effect of DiToRS on replication obtained through in vitro studies of purified polymerases, ex vivo studies using reporter plasmids and two-dimensional (2D) gel analyses of fork progression, and in vivo studies analyzing replication progression within individual DNA molecules. Such DiToRS are linked mechanistically to genome variations that underlie inherited microsatellite expansion diseases [31] , de novo genomic disorders [32, 33] , cancer genome instability [34] [35] [36] , and genome evolution [37] . Evolutionarily, conserved repetitive elements prone to breakage or viral integration provide ideal regions for chromosomal rearrangement and species divergence [38] .
DiToRS best described at the nucleotide level as inhibiting replication are associated with microsatellites and chromosomal fragile sites. Microsatellites are short tandem repeats of 1-6 basepairs per unit that are distributed throughout the human genome in both inter-and intragenic regions [39, 40] . As detailed below, many microsatellite sequences can adopt alternative secondary structures, the form and stability being dependent on the repeat unit sequence composition and total allele length. Fragile sites are specific chromosomal regions where a high frequency of gaps/breaks can be observed in metaphase chromosomes [41] , and include CFS and rare fragile sites [42, 43] , early replicating fragile sites [10] , and telomeres [12] . CFS regions are associated with recurrent translocations, interstitial deletions, and amplifications in cancer genomes [44, 45] , copy number variation in stem cells [46] , and viral DNA integration events [47, 48] . A vast literature supports a role for DiToRS as contributing to CFS etiology, and breakage within CFS regions is enhanced by replication stress (reviewed in [8, 41, 49, 50] ). However, additional genome features and mechanisms contribute to difficult replication through CFS regions, including a paucity of replication origins [51] , inefficient replication initiation [52, 53] , and the formation of R loops during transcription and collision with replication forks during S phase [54] .
AT-Rich Repeats
CFSs are enriched in Alu repeats and contain highly AT-rich regions, particularly mononucleotide [A/T] microsatellites [2, 55] . Such AT-rich, high DNA "flexibility regions" may affect replication by hindering efficient topoisomerase activity ahead of the replication fork [42, 56] . The Flex 1 region of FRA16D contains a [AT/TA] 34 microsatellite that induces replication fork stalling and chromosomal fragility in an S. cerevisiae model [13] . Using locus-specific fiber analyses and FANCD2-deficient human cells, replication forks were shown to stall within the AT-rich flexibility core regions of FRA16D [57] . Similarly, DNA fiber analyses demonstrated that replication through the FRA16C locus was slowed near AT-rich regions [52] . The rare fragile site FRA16B spans the same genomic locus as FRA16C, but is an expanded, AT-rich minisatellite repeat. In vitro, 14 copies of the 33mer minisatellite repeat were shown to form alternative DNA secondary structures and when present in reporter plasmids, inhibited replication in human cells [58] .
Our laboratory provided direct experimental evidence that specific DiToRS within CFSs, namely [A/T] and [AT/TA] microsatellites, are inhibitory to human replicative DNA polymerases. A mononucleotide [A/T] repeat of 28 units within the FRA16D Flex 5 region inhibited DNA synthesis in vitro by the replicative polymerases α-primase and δ, and inhibit DNA synthesis in cell-free human extracts [59] . The human Pol δ holoenzyme dissociates from the DNA template at such repeat elements [60] , which may contribute to impaired replication fork progression observed within FRA16D. Polymerase pausing may be due to the formation of bent DNA within the [A/T] tract [61] , rather than H-DNA formation [59] . Hairpin structures formed within long, CFS-derived [AT] repeats (25 units or greater) also impede Pol δ holoenzyme synthesis [62] , consistent with the length dependence of replication inhibition and chromosomal instability at [AT/TA] tracts observed in vivo [13] . Interestingly, a genome-wide analysis of structural variation in cancer genomes found a significant enrichment of [AT/TA] repeats at translocation endpoints, whereas [A/T] repeats were found preferentially at deletion endpoints [34] .
GC-Rich Repeats
Arguably the best studied DiToRS in the human genome are those formed within expanded microsatellites associated with over 30 neurological and neuromuscular disorders. The types of DiToRS formed within these repetitive sequences and their effects on DNA metabolism have been recently reviewed [31, 63] . The [CCG/CGG] repeats can form both hairpins and G4 structures. Early studies from the Usdin lab showed that [CGG] and other G-rich sequences are barriers to in vitro DNA synthesis by prokaryotic polymerases, consistent with formation of intrastrand quadruplex structures [64, 65] . Using reporter plasmids, these repeats were shown by 2D gel analysis to stall replication in a length-dependent manner, in both yeast and primate cells [66, 67] . Telomeric sequences also encode GC-rich repeats that can fold into G4 structures [68] . Pol δ is the major DNA polymerase responsible for human telomere ([TTAGGG] repeat) synthesis [69] . However, the Opresko lab showed that while Pol δ pauses during synthesis of telomeric repeats in vitro, this pausing is not the result of G4 structure formation [70] . Never-the-less, predicted G4-motifs are enriched at the breakpoints of somatic copy number variations found in human cancers [71] .
Triplex DNA (H-DNA)
Naturally occurring H DNA-sequences are a source of double strand breaks and genome instability [36, 72] , and sequences with H-DNA potential, particularly [GAA] and [GAAA] microsatellites, are associated with translocation breakpoints in tumor cells [34, 36] . Our lab has shown that the formation of H-DNA during long [TC] microsatellite DNA synthesis in vitro inhibits replicative Pol α-primase [73] . However, the best studied example of an H-DNA forming DiToRS is the expanded [GAA/CTT] repeat causing Freidrich's ataxia. Using plasmid reporter assays and 2D gel analyses, replication pausing within the repeats was observed in yeast, mammalian, and human cell systems [74] [75] [76] . Direct visualization of replication fork intermediates using electron microscopy confirmed the presence of aberrant structures within the long [GAA/CTT] repeats [76] .
Inverted Repeats and Quasipalindromes
Inverted repeats and quasipalindromes are hot spots of double-strand breaks and rearrangements that contribute to genomic instability [77, 78] . Palindromes formed by Alu elements (long inverted repeats) cause replication stalling in vivo [79] . Our lab demonstrated that much shorter, quasipalindrome repeats (from 29-37 nucleotides in length) found within CFSs can directly impede lagging strand polymerases in vitro [59, 60] . Short inverted repeats (<30 bp) are enriched at cancer genome translocation breakpoints, and a short inverted repeat present in a reporter plasmid was sufficient to impede DNA replication fork progression in primate cells [80] .
Specialized DNA Polymerases and the Maintenance of DiToRS Stability
Of the 15 human DNA polymerases, Pol zeta (Pol ζ) from the B-family, and Pols eta (Pol η), kappa (Pol κ), and Rev1 from the Y-family are known regulators of DiToRS stability. These polymerases are best known for their ability to carry out bypass of specific DNA lesions that block replicative polymerases, hence their common description as translesion synthesis (TLS) polymerases [81] . We proposed the terminology "specialized polymerases" as a more general term than "TLS polymerases", given the known cellular roles of these same enzymes in DiToRS replication [82] . For detailed reviews of the replicative and specialized DNA polymerases required for DNA repair, including TLS, homologous recombination, and non-homologous end joining, see Sale, 2013 [83] ; Barnes, 2017 [84] ; Bournique, 2018 [85] ; Vaisman, 2017 [15] . Specialized polymerases are generally considered to be error-prone because of their low fidelity compared to replicative polymerases when copying an undamaged, B-form DNA templates. However, when utilizing templates containing DNA lesions or non-B DNA structures, these polymerases can replicate DNA with remarkable accuracy and efficiency [86] .
Given their known functions in maintaining genome stability, surprisingly little is known about altered expression or mutation of specialized DNA polymerase genes in tumors. Using cBioPortal analyses [87, 88] , we observed that POLH (Pol η), POLK (Pol κ), REV3L (Pol ζ) and REV1 genes display different types of genomic alterations ( Figure 1A ). In total, an average of 6% of all tumor samples queried have variant specialized polymerase genes, although alterations within certain types of cancer reach up to 18%. The POLH locus is primarily amplified in cancers, and this amplification is correlated with increased mRNA expression ( Figure 1B ). Increased POLH expression has also been reported in Non-Small Cell Lung Cancers [89] and Head and Neck Squamous Cell Cancers [90] . Inherited loss-of-function POLH mutations cause Xeroderma Pigmentosum Variant (XPV), a disease characterized by skin UV hypersensitivity and predisposition to skin cancer [91, 92] . Correspondingly, the most studied biochemical activity of Pol η is its ability to accurately replicate UV-induced cyclobutane pyrimidine dimers and other lesions [92, 93] . Structurally, Pol η has a unique little finger domain that may act as a molecular splint by forcing the DNA to adopt a B-DNA form during DNA synthesis [94] . Loss of Pol η results in increased mutagenesis induced by UV and other DNA damaging agents [95, 96] , and increases genome instability at CFSs (see below). Furthermore, Pol η has roles in additional cellular processes, including mismatch repair [97] , homologous recombination [98] , and somatic hypermutation [99] . A putative Pol η signature has been found in several cancers, including melanoma and esophageal cancer [100] , both of which are amplified in our analyses ( Figure 1B) . Thus, Pol η's role in tumorigenesis is more complex than once thought, and could be either tumor suppressive or oncogenic, depending on the cellular context. little finger domain that may act as a molecular splint by forcing the DNA to adopt a B-DNA form during DNA synthesis [94] . Loss of Pol η results in increased mutagenesis induced by UV and other DNA damaging agents [95, 96] , and increases genome instability at CFSs (see below). Furthermore, Pol η has roles in additional cellular processes, including mismatch repair [97] , homologous recombination [98] , and somatic hypermutation [99] . A putative Pol η signature has been found in several cancers, including melanoma and esophageal cancer [100] , both of which are amplified in our analyses ( Figure 1B ). Thus, Pol η's role in tumorigenesis is more complex than once thought, and could be either tumor suppressive or oncogenic, depending on the cellular context. In contrast to POLH, the POLK locus is highly deleted in cancers. Decreased POLK expression has been noted in several studies, including ovarian, stomach, lung, and colorectal cancers [101] [102] [103] . Biochemically, Pol κ specializes in error-free bypass of bulky minor groove N2-deoxyguanine lesions, such as benzo(a)pyrene diolepoxide (BPDE) adducts. This ability is due, in part, to its unique N-clasp domain that allows the enzyme to encircle the DNA while accommodating bulkier lesions in the closed conformation [104] . Pol κ also plays a role in DNA repair processes such as nucleotide excision repair [105] , double-stranded break repair [106] , and induction of replication stress signaling via ATR (see below). Pol κ-deficient cells have elevated levels of BPDE-induced mutagenesis [107] and enhanced ATR checkpoint signaling [108] . However, the presence of Pol κ is also a source of mutagenesis due to its low fidelity on undamaged, non-repetitive DNA templates [109] , and Pol κ overexpression increases DNA damage foci and homologous recombination [110] . Thus, Pol κ must be tightly regulated during cellular replication and repair processes to maintain genome stability.
Roles for REV1 and REV3 in lung cancer [111] have also been documented, and were among the most altered tumor samples in our analysis. Rev1 is a deoxycytidyl transferase that is restricted to inserting dCTPs opposite guanines and abasic sites [112, 113] . Rev1 incorporates dCTPs by evicting the template guanine and instead relying on an arginine residue in the catalytic site to bind incoming dCTPs [114] . This method of incorporation ensures that only a dCTP can be inserted. Interestingly, the catalytic activity of Rev1 is not its most crucial function. In cells, Rev1 is required for tolerance of many DNA lesions, even though biochemically, Rev1 does not support TLS [115] . These findings In contrast to POLH, the POLK locus is highly deleted in cancers. Decreased POLK expression has been noted in several studies, including ovarian, stomach, lung, and colorectal cancers [101] [102] [103] . Biochemically, Pol κ specializes in error-free bypass of bulky minor groove N2-deoxyguanine lesions, such as benzo(a)pyrene diolepoxide (BPDE) adducts. This ability is due, in part, to its unique N-clasp domain that allows the enzyme to encircle the DNA while accommodating bulkier lesions in the closed conformation [104] . Pol κ also plays a role in DNA repair processes such as nucleotide excision repair [105] , double-stranded break repair [106] , and induction of replication stress signaling via ATR (see below). Pol κ-deficient cells have elevated levels of BPDE-induced mutagenesis [107] and enhanced ATR checkpoint signaling [108] . However, the presence of Pol κ is also a source of mutagenesis due to its low fidelity on undamaged, non-repetitive DNA templates [109] , and Pol κ overexpression increases DNA damage foci and homologous recombination [110] . Thus, Pol κ must be tightly regulated during cellular replication and repair processes to maintain genome stability.
Roles for REV1 and REV3 in lung cancer [111] have also been documented, and were among the most altered tumor samples in our analysis. Rev1 is a deoxycytidyl transferase that is restricted to inserting dCTPs opposite guanines and abasic sites [112, 113] . Rev1 incorporates dCTPs by evicting the template guanine and instead relying on an arginine residue in the catalytic site to bind incoming dCTPs [114] . This method of incorporation ensures that only a dCTP can be inserted. Interestingly, the catalytic activity of Rev1 is not its most crucial function. In cells, Rev1 is required for tolerance of many DNA lesions, even though biochemically, Rev1 does not support TLS [115] . These findings suggest a role for Rev1 that regulates other polymerase activities. Indeed, Rev1 interacts with Pols η, κ, ι, and Rev7 as a scaffolding protein in response to exogenous damage [116, 117] . Human Pol ζ consists of four subunits: the catalytic subunit (Rev3), an accessory subunit (Rev7) and two subunits shared with the replicative Pol δ [118] . The catalytic subunit of the Pol ζ holoenzyme can function alone, but its efficiency is enhanced when in complex with the other subunits [119, 120] . Rev3 lacks a proofreading domain, making it error-prone [121] . A major known function of Pol ζ is its role in promoting mutagenesis. In mouse cells, decreased expression of REV3 reduces UV-induced mutagenesis, but does not affect UV sensitivity [122] . Reducing REV3 levels in lung tumor cells resulted in enhanced tumor cell killing by cisplatin and reduced therapy-induced mutagenesis [111] .
Specialized Polymerases and Common Fragile Site Replication
Specialized Pols η, κ and ζ have been implicated in maintaining CFS stability. Pol η is present at the replication fork in unperturbed human cells [123] . Jean Sebastian-Hoffman and colleagues published a series of papers demonstrating that Pol η is required to maintain genomic stability at CFSs and prevent under-replicated DNA. Pol η-deficient human cells display increased formation of spontaneous chromosomal abnormalities and CFS breakage, suggesting that Pol η is important for CFS stability during unperturbed DNA replication [124] . Pol η-deficiency enhanced the formation of RPA foci and 53BP1 nuclear bodies, indicating the presence of under-replicated DNA [125] . Additionally, using chromatin immunoprecipitation and Pol η expression constructs, Pol η was found to be enriched at FRA7D and FRA16D CFS loci. Our laboratory used CFS-derived DNA template sequences to demonstrate biochemically that Pol η is more efficient than Pol δ for synthesis of CFS-derived DiToRS, including AT-rich repeats and quasipalindromes [125] . Recently, we used a dual-polymerase in vitro model and demonstrated directly that Pol η can take over DNA synthesis when the replicative Pol δ holoenzyme is stalled at CFS-derived DiToRS, particularly in the presence of aphidicolin [62] . Additionally, Pol η may participate in HR-associated mechanisms to restart replication forks stalled within CFS, due to its association with other proteins known to affect CFS stability, such as RAD51, BRCA2 and PALB2 [98, 126] . Together, these studies demonstrate that Pol η is recruited to CFS during unperturbed and stressed conditions to synthesize DiToRS, facilitating complete genome duplication and DNA repair.
Pol κ also has roles in maintaining fragile site stability. In vitro, Pol κ efficiently extends DNA templates through [A/T], [AT/TA], and quasipalindrome DiToRS that inhibit replicative polymerases [60, 61] . Like Pol η, Pol κ can freely exchange with the Pol δ holoenzyme to complete DiToRS synthesis, particularly in the presence of aphidicolin [62] . Pol κ has a characteristic high accuracy for slippage errors during microsatellite synthesis, greater than that of replicative Pol δ [82, 127] . Recently, Nussensweig and colleagues identified regions in the genome termed "early-replicating fragile sites" that are AT-rich rich and display a Pol κ mutational signature of nontemplated insertion errors within [A/T] repeats [10, 128] . However, in cancer cells, POLK depletion causes instability at the FRA7H CFS locus [129] . Further studies are needed to determine the roles of Pol κ for cellular DiToRS replication.
Evidence for the ability of Pol ζ to maintain DiToRS stability comes from two independent groups using Saccharomyces cerevisiae and human cells. In yeast, Northam et al. showed that Pol ζ is important for replication of undamaged DNA [130] . Their later work revealed that Pol ζ is specifically recruited to hairpin-forming DiToRS that cause stalling of replicative polymerases [131] . Using human cancer cells, Bhat et al. found that knockdown of REV3 enhanced mitotic defects including anaphase bridges, lagging chromosomes and chromosomal breakage at CFS, indicating that Pol ζ is important for CFS maintenance [132] .
Specialized Polymerase Synthesis of G4 Motifs
Specialized Pols η and κ, and Rev1, are involved in processing G4-quadruplexes. Rev1 acts as a major mediator of G4-quadruplex synthesis by regulating histone recycling and polymerase exchange [133] . Rev1 deficiency leads to changes in histone modifications flanking the G4-motifs, resulting in loss of parental chromatin marks [134] . Moreover, Rev1 destabilizes G4-quadruplexes by acting in concert with helicases such as FANCJ, BLM, or WRN [135, 136] . Sale and colleagues proposed a handoff model wherein Rev1, with its favorable binding to poly-dG sequences, binds to G4-quadruplexes and initiates DNA synthesis, followed by exchange with Pol η or κ [133] . In vitro, Pol η and κ favor synthesis utilizing G4-quadruplex DNA templates over B-DNA templates [137] . Rev1, Pol κ, and Pol η perform complementary biochemical activities, efficiently replicating different nucleotide positions flanking and within G4-quadruplexes [137] [138] [139] . Indirect evidence supports roles for Pols η and κ in cellular replication of G4 motifs. Treatment of Pol η or κ-deficient cells with the G4 stabilizing agent, telomestatin, increases DSBs at G-rich loci [140] , and stabilization of G4 DNA structures in Pol κ-deficient HeLa cells decreases viability [140] . Recently, an unbiased proteomic analysis of telomeric DNA uncovered a novel role for Pol η in maintaining telomere stability via a process known as alternative lengthening of telomeres (ALT) [141] . Telomerase-deficient cancer cells can utilize ALT to maintain telomeric DNA by forming ALT-associated PML bodies to facilitate homology-directed repair. Pol η, but not Pol κ, is co-localized to such bodies to resolve D-loops in cooperation with Pol δ. More studies are needed to understand why Pol η is specifically required for telomere synthesis.
The human mitochondrial (mt) genome also has sequences with non-B DNA forming potential, including G4-forming sequences, that are associated with mitochondrial diseases, cancer and aging [142] [143] [144] [145] . For example, mtDNA deletion breakpoints are associated with non-B DNA forming sequences [143] and G quadruplex structures [144, 145] . However, unlike DiToRS in the nuclear genome, relatively little is known regarding the extent to which such sequences in human mtDNA represent DiToRS. Brosh and colleagues showed that Twinkle, the replicative mitochondrial helicase, is inefficient at unwinding specific G4 sequences found in the mtDNA [145] , supporting the concept that the formation of G4 structures perturbs mitochondrial genome replication, leading to DNA strand breaks and deletions.
Specialized DNA Polymerases and the Replication Stress Response
Genome DiToRS can lead to replisome stalling and the persistence of ssDNA during synthesis. The long stretches of ssDNA are bound by replication protein A (RPA) and in turn, the Ataxia telangiectasia and Rad3-related (ATR) protein kinase and its binding partner, ATR-interacting protein (ATRIP), are localized to the RPA-bound ssDNA. This causes chromatin localization of DNA topoisomerase 2-binding protein 1 (TOPBP1), an allosteric activator of ATR-ATRIP phosphorylation activity. Specifically, the interaction between TOPBP1 and DNA polymerase α-primase mediates recruitment of Rad9-Rad1-Hus1 (9-1-1) complex onto stalled forks [146] . Pol κ also plays a role in activating the 9-1-1 complex by interacting with Rad9, and is required for maintenance of genome stability and recovery from replication stress [147] . In response to mitomycin C-induced interstrand crosslinks, Rev1 functions to assemble the ATR/ATRIP and 9-1-1 complex [148] .
ATR phosphorylation of Chk1 mediates the phosphorylation and repression of factors that slow down cell cycle progression (e.g., WEE1) and induce cell cycle arrest (e.g., CDC25A/C). Moreover, Chk1 orchestrates the inhibition of origin firing at new replication factories while simultaneously activating dormant origins within existing replication factories to prevent under-replicated DNA and genome instability [149] . ATR modulates the functions of numerous repair proteins involved in DNA unwinding (WRN, BLM) [150] , homologous recombination [151] , the Fanconi Anemia pathway [152, 153] , and the TLS pathway [154, 155] . Consequently, ATR deficient (Seckel syndrome) cells display spontaneously increased CFS breakage in the absence of DNA damaging treatments [156] . ATR also is an important regulator and mediator of DNA polymerase activity and localization. Pol η is directly phosphorylated by ATR [154] . ATR-mediated phosphorylation of Pol η in response to UV damage, cisplatin and gemcitabine treatment leads to Pol η chromatin localization [157] . BPDE treatment of lung cancer cells results in ATR/Chk1-mediated recruitment of Pol κ via Rad18 and the subsequent monoubiquitination of PCNA, and inhibition of ATR/Chk1 signaling prevents the interaction between Pol κ and PCNA [155] . Additionally, chronic replication stress and endogenous DNA damage may deplete cellular RPA pools, leading to unprotected ssDNA and activation of the DNA damage response and cell death/senescence pathways controlled by the p53 and ATM/Chk2 [5, 158] . Together, ATR, ATM, and p53 act in concert to maintain genome integrity and determine cell fate. Because of this, ATR, ATM, and p53 pathways are often under selective pressure to be altered or mutated during cancer cell evolution in order bypass tumor suppressive mechanisms.
While the cellular effects of replication stress induced by exogenous agents have been studied extensively, the discovery of physiologically-relevant models of replication stress was crucial to understanding mechanisms of genome instability during carcinogenesis. Di Micco et al. and Bartkova et al. first showed that oncogene activation induced replication stress which led to activation of the DNA damage response and senescence [159, 160] . Moreover, hyper-replication was accompanied by increased origin firing and partly replicated DNA which were reminiscent of aphidicolin-treated cells [159] . Indeed, Miron et al. later showed that oncogene overexpression causes CFS instability similar to aphidicolin-treated cells [161] . However, while some overlapping regions of CFS instability were observed between oncogenes and aphidicolin, different oncogenes have a unique landscape of fragile sites, presumably caused by the different mechanisms of oncogenic stress. These studies paved the way for more than a decade of research on the sources of oncogenic replication stress.
Oncogenic Replication Stress Mechanisms
Oncogenes control a variety of physiological processes that are vital to cellular homeostasis including proliferation, apoptosis, epigenetics, metabolism, cell cycle regulation, transcription, DNA replication and DNA damage repair. For reviews on the functions of different oncogenes, refer to references [162, 163] . Oncogene activation in pre-neoplastic cells causes genome instability preferentially at CFS loci [2, [164] [165] [166] . The current paradigm of oncogene-mediated genome instability and tumorigenesis posits that excessive proliferative signaling leads to persistent replication stress, activation of the DNA damage response, and cellular senescence or programmed cell death, all of which are fail-safe mechanisms that shut down cellular proliferation. However, this presents a selective pressure for tumor cells to acquire mutations that allow bypass of cell cycle arrest and continue proliferation. In the presence of oncogene addiction, the replication stress response is constitutively active in cancer cells to alleviate the constant obstacles to genome replication, such as altered origin firing and nucleotide depletion [167] [168] [169] .
Currently, 27 oncogenes have been studied for their impact on replication stress and each have distinct mechanisms [170] . Here, we focus on Ras, CCNE1 (Cyclin E), and c-Myc which are, arguably, the three most studied oncogenes in the field of replication stress. We will highlight the collaboration between c-Myc and Ras or CCNE1, and how DiToRS replication may play a role in neoplastic transformation.
Balancing Cell Proliferation, Apoptosis, and Cell Death
Ras, Cyclin E and c-Myc proteins are all signaling hubs connected by upstream and downstream mitogenic pathways. Ras family members (H-Ras, K-Ras, N-Ras) affect signaling pathways downstream of the oncogenic MAPK pathway, including the Raf/MEK/ERK and PI3K/Akt pathways [171] . Constitutive activation of Ras signaling promotes expression of several growth factors and causes sustained growth and inhibition of apoptosis [172, 173] . Cyclin E is a cell cycle regulator that dictates the G1/S transition and S phase progression. Hyperactivation of Cyclin E/CDK2 causes premature entry into S phase, which can be detrimental to genome integrity [174] . Moreover, Cyclin E can inhibit the pro-apoptotic FOXO1 transcriptional factor, thereby increasing proliferation [175] . The Myc family includes three oncoproteins (c-Myc, l-Myc, and n-Myc) [176] . These helix-loop-helix leucine zipper transcription factors are downstream of many mitogenic and signaling pathways that activate a plethora of cellular processes including metabolism, differentiation, cell size and pluripotency [177] . The impact of oncogene activation on cell fate (e.g., apoptosis versus cell proliferation) is dictated by the intra-and extracellular environment. For example, high levels of c-Myc promotes apoptosis under limiting growth factor conditions, whereas cells with plentiful growth factors respond with rapid proliferation [178] . Thus, it is likely that normal cells generate a pro-apoptotic program in response to c-Myc activation whereas transformed cells only respond to its proliferative signals.
The tumor protective mechanisms apoptosis and senescence are robust responses that prevent a single oncogene activation from promoting tumorigenesis. Senescence is a state of cell cycle arrest in which cells shut down proliferation but retain metabolic activity [179] . For years, senescence was referred to as an irreversible state of arrest. However, recent studies suggest that, in some cases, alterations in CDKs, p53, p16(INK4A), or Rb can reverse senescence and restore cell cycle progression [180, 181] . These findings suggest that different oncogenes may collaborate to reverse or bypass the onset of senescence. Indeed, co-expression of c-Myc suppresses Ras-induced senescence via Cdk2 activity [182] .
Regulation of DNA Replication and S Phase
DNA replication is a highly coordinated process that precisely duplicates DNA once during each cell cycle [183] . Initiation of DNA synthesis includes two stages: origin licensing and activation (Figure 2 ). Licensing begins with ORC binding in late mitosis to G1 and requires little to no CDK activity, whereas activation occurs only after entry into S-phase and requires high CDK activity. Origin licensing proceeds through a series of steps, beginning with recruitment of pre-replicative complex (pre-RC) proteins (Cdt1 and Cdc6) and the minichromosome maintenance 2-7 (MCM2-7) helicase. Subsequently, the pre-initiation (pre-IC) complex is formed by Cdk-and Dbf4-dependent kinase (DDK)-mediated phosphorylation and activation of the MCM helicases. This mediates recruitment of MCM10 which is important for the recruitment of Cdc45 and GINS complex to form the CMG complex (Cdc45/MCM2-7/GINS) [184] [185] [186] . Origin activation occurs after phosphorylation of the CMG complex splits the MCM proteins into two separate hexamers for the two bi-directional replisomes. This is accompanied by the recruitment of several replication proteins, including TopBP1. Simultaneously, the clamp loader RFC and sliding clamp PCNA are recruited, followed by CMGand MCM10-mediated recruitment and interaction of the replicative polymerases δ, ε, and α for the initiation of synthesis [187, 188] .
The highly complex process of origin activation is readily altered by oncogene activation (Figure 2) . One of the main sources of replication stress is the dysregulation of origin usage via altered origin activation or inappropriate re-firing of origins. Indeed, overexpression of Cdt1 or Cdc6 induces replication stress [189, 190] . Moreover, depletion of pre-RC proteins in the presence of oncogenes cyclin E, H-Ras, K-Ras, or c-Myc sensitizes cancer cells to replication stress-inducing agents [191, 192] . The Ras, c-Myc and cyclin E oncogenes also alter CDK activity which, in turn, causes excessive origin licensing and activation. Depending on the cellular context, Cyclin E can either inhibit pre-RC formation via impairment of MCM loading, or promote pre-RC formation, forcing the G1/S phase transition [193, 194] . Myc overexpression creates DNA replication stress in two ways: by regulating origin activation and by directly promoting the G1/S transition. Myc facilitates pre-RC formation by interacting with Orc1/2, Cdc45, TOPBP1, and MCMs, and by transcriptionally regulating Cdt1 expression [195, 196] . Myc also promotes tumorigenesis by directly activating the replication stress response. Hypomorphic levels of ATR prevents the development of Myc-induced lymphomas and pancreatic tumors [197] , and Myc activates transcription of CHEK1, CHEK2, and WRN genes [198, 199] . Re-firing of origins, also known as re-replication, is caused by aberrant expression of Cdt1 and Cdc6 as well as by Cyclin E and c-Myc overexpression [180, 200] . Re-replication leads to genome instability, in part, through increased head-to-tail collisions between newly formed and existing replication forks [201] . Oncogenes induce origin licensing and E2F transcriptional activity to drive G1/S transition and DNA hyper-replication. Myc and Cyclin E directly increase origin licensing by facilitating recruitment of pre-initiation complex (pre-IC) factors, including Cdt1, Cdc6, and MCMs. High levels of Ras, Myc or Cyclin E lead to increased CDK phosphorylation activity and E2F signaling that promotes the G1/S transition and initiation of DNA synthesis.
Aberrant regulation of the G1/S transition is a common feature of oncogenes that creates replication stress, and the activation/inactivation of oncogenes and tumor suppressor genes that influence the G1/S transition are found in most human cancers [202] . Recently, Macheret and Halazonetis found that overexpression of cyclin E and and c-Myc leads to an increase of fired DNA replication origins within highly transcribed intragenic regions [203] . Moreover, they found increased replication stress and collapsed forks resulting in double stranded breaks at these newly fired origins, which was alleviated by inhibiting transcription. These data suggest that during oncogene activation, the shortened G1 phase may leave transcription of G1 and S phase genes unfinished, which leads to increased collisions with the replisome.
Alterations in Metabolism
Ras and c-Myc have extensive connections to metabolic pathways. Oncogenic Ras promotes metabolic reprogramming of the cell through induction of anabolic glycolysis and autophagymediated protein recycling to support its increase in cell proliferation and biomass [204] [205] [206] . As a transcription factor, c-Myc can directly increase transcription of genes involved in nucleotide biosynthesis [207] , mitochondrial biogenesis [208] , glycolysis [209] , and glutaminolysis [210] . Because of the overarching reach of c-Myc on metabolism, c-Myc often collaborates with other oncogenes to Aberrant regulation of the G1/S transition is a common feature of oncogenes that creates replication stress, and the activation/inactivation of oncogenes and tumor suppressor genes that influence the G1/S transition are found in most human cancers [202] . Recently, Macheret and Halazonetis found that overexpression of cyclin E and and c-Myc leads to an increase of fired DNA replication origins within highly transcribed intragenic regions [203] . Moreover, they found increased replication stress and collapsed forks resulting in double stranded breaks at these newly fired origins, which was alleviated by inhibiting transcription. These data suggest that during oncogene activation, the shortened G1 phase may leave transcription of G1 and S phase genes unfinished, which leads to increased collisions with the replisome.
Ras and c-Myc have extensive connections to metabolic pathways. Oncogenic Ras promotes metabolic reprogramming of the cell through induction of anabolic glycolysis and autophagy-mediated protein recycling to support its increase in cell proliferation and biomass [204] [205] [206] . As a transcription factor, c-Myc can directly increase transcription of genes involved in nucleotide biosynthesis [207] , mitochondrial biogenesis [208] , glycolysis [209] , and glutaminolysis [210] . Because of the overarching reach of c-Myc on metabolism, c-Myc often collaborates with other oncogenes to drive tumorigenesis. In fact, c-Myc can be spontaneously activated by oncogenic Ras to promote transformation and increase cellular metabolism [211] [212] [213] . Recently, Myc and Ras overexpression were shown to have distinct metabolic consequences [214] , although both Myc and Ras overexpression led to increased replicative stress. Ras enhanced metabolic activity of glycolysis and oxygen consumption that correlated with slower DNA replication fork progression, whereas Myc-induced less drastic metabolic changes but increased oxidative stress.
Oncogene-induced changes in metabolism also may lead to replication stress via depletion of dNTP nucleotide precursors. Alteration of dNTP pools is a well-known physiologic source of replication stress in cancer cells [8, 215] , and dNTP pools are crucial for DNA polymerase biochemistry and fidelity [216] [217] [218] . dNTPs are synthesized via ribonucleotide reductase (RNR), which is composed of a catalytic (RRM1) and two regulatory (RRM2, RRM2B) domains. RRM2 expression is specifically increased during S-phase to regulate dNTP levels, and oncogene activation represses RRM2 gene expression [219, 220] . Knockdown of ATM rescued Ras-induced dNTP depletion and senescence [213] and was accompanied by upregulation of c-Myc-mediated nucleotide biosynthesis. Disruptions of de novo dNTP pool homeostasis also can be caused by metabolic changes, such as low glutamine levels [221] . Expression of the HPV E6/E7 oncoproteins and cyclin E cause replication stress, altered dNTP levels, and genome instability at DiToRS [222] . Interestingly, co-expression of c-Myc in cells with cyclin E or E6/E7 led to upregulation of nucleotide biosynthesis-associated genes [222, 223] . Together, these results further highlight the role of c-Myc in cooperating with other oncogenes and the importance of maintaining dNTP homeostasis and metabolic reprogramming during oncogene-induced tumorigenesis.
Tolerance of Oncogenic Replication Stress via Specialized DNA Polymerases
The impact of oncogenic replication stress on cellular transformation is well established; however, the precise mechanisms by which cells tolerate oncogenic-replication stress are less clear. DNA polymerase functions are central to preventing replication stress, especially during DiToRS synthesis. Two recent studies have elucidated a role for specialized DNA polymerases η and κ in the cellular tolerance of oncogenic replication stress. Yang et al. showed that overexpression of cyclin E and H-Ras in human cells caused Pol κ re-localization to chromatin in a Rad18-dependent manner [215] . Overexpression of cyclin E or Ras was accompanied by increased PCNA monoubiquitination, which could be suppressed by treatment with roscovitine, a CDK2 inhibitor. Using the WEE1 inhibitor, MK-1775, the authors showed that Pol κ is required to prevent ssDNA accumulation and decreased cell viability induced by aberrant CDK2 activity. Moreover, cyclin E, but not Cdt1 or Cdc6, overexpression increased chromatin binding of Cdc45 and PCNA monoubiquitination, suggesting that Rad18 activity is mediated by origin activation but not by origin licensing. Importantly, activation of Rad18-mediated Pol κ activity is attenuated by p53 in cells with aberrant Cdk2 activity. Because p53 is often mutated in tumors, these results suggest that specialized polymerase activity may be important for bypass of oncogene-induced senescence or cell death. Kurashima et al. uncovered a role for Pol η in alleviating Myc-induced replication stress [224] . They proposed that Pol η directly suppresses Myc-induced replication stress by mediating fork progression. Depletion of Cdc45 decreased Myc-induced replication stress, suggesting origin hyper-activation was the source of oncogenic replication stress in this model. Myc activation in Pol η-deficient and mutant cells synergistically increased double strand break formation compared to cells with proficient Pol η. These two papers suggest that the role of Pols η and κ in the tolerance of oncogenic stress is context dependent. It is intriguing that H-Ras and cyclin E are more reliant on Pol κ, whereas Myc relies on Pol η. Moreover, the roles of Rev1 and/or Pol ζ in alleviating oncogenic replication stress are still unknown.
Perspective
Although our understanding of the fate of the replication fork during oncogenic replication stress is becoming clearer, much remains to be discovered by characterizing the effects of different oncogenes, unique DiToRS in the genome, and the precise mechanisms by which cells tolerate oncogene replication stress. We propose a conceptual framework wherein oncogene activation cooperates with replication forks stalled at DiToRS, leading to the recruitment of specialized DNA polymerases to resolve fork stalling and resume DNA elongation and cell cycle progression (Figure 3 ). One possible model is that different polymerases are required to tolerate distinct forms of replication stress or DiToRS obstacles. Rad18-mediated PCNA monubiquitination is one mechanism to promote recruitment of different specialized DNA polymerases, depending on oncogenic cellular context and the distinct forms of DiToRS. However, PCNA monubiquitination is not required for specialized/replicative polymerase exchange at DiToRS [62, 225] , so other regulators of DNA polymerases in the context of oncogene induced replication stress remain to be discovered. Additional studies are needed to determine whether other post-translational modifications of specialized polymerases, such as sumoylation or phosphorylation, are involved in engaging these polymerases during oncogene replication stress. Another open question is the extent to which specialized DNA polymerases can compensate for each other. Interestingly, Pol η deficient cells were able to resist the negative effects of CDK2 activation, possibly because Pol κ can localize to replication stressed loci without competing with Pol η [215] . Clearly, more studies are necessary to understand the precise mechanisms by which specialized polymerases promote tolerance of oncogenic replication stress. Finally, specialized polymerases may play a role in oncogene activation. Myc is of particular importance regarding DiToRS, due to the structure of its promoter region. The c-Myc promoter consists of sequences that can form H-DNA, Z-DNA, and G4 quadruplexes [226] [227] [228] [229] . It is therefore tempting to speculate that the deregulation of specialized polymerases may cause spontaneous amplification of c-Myc or other cancer-associated genes encoding DiToRS. Interestingly, human tumors show a bias for POLH amplification but POLK deletion ( Figure 1A ), raising the possibility that alterations in these two DNA polymerases may favor bypass of senescence and promote cellular transformation. Identifying which DNA polymerases are crucial for cells to tolerate the activation of different oncogenes will provide insight into carcinogenesis and responses to therapy. With the advent of exploiting DNA repair and replication stress pathways as cancer therapies, it is crucial to understand how specialized polymerases can contribute to chemoresistance and tumor relapse. Recently, we have found that exogenous replicative stress inducers increase POLH mRNA and Pol η protein expression to prevent cell cycle arrest [230] . Moreover, inhibiting ATR in Pol η-depleted or deficient cells undergoing replicative stress resulted in synthetic lethality, suggesting a possible therapeutic option. Importantly, ATR and Chk1 inhibitors are a promising avenue of drug therapy with both currently undergoing clinical trials [231] . Thus, targeting specific tumors based on expression of specialized DNA polymerases to generate synthetic lethality undergoing "oncogene addiction" may be a viable therapeutic option in the future. and tumor relapse. Recently, we have found that exogenous replicative stress inducers increase POLH mRNA and Pol η protein expression to prevent cell cycle arrest [230] . Moreover, inhibiting ATR in Pol η-depleted or deficient cells undergoing replicative stress resulted in synthetic lethality, suggesting a possible therapeutic option. Importantly, ATR and Chk1 inhibitors are a promising avenue of drug therapy with both currently undergoing clinical trials [231] . Thus, targeting specific tumors based on expression of specialized DNA polymerases to generate synthetic lethality undergoing "oncogene addiction" may be a viable therapeutic option in the future. Conceptual framework for the role of specialized polymerases in oncogene induced replication stress. Oncogene activation promotes DNA replication thereby increasing replication fork encounters with DiToRS. Fork stalling activates the ATR/Chk1 axis and the subsequent recruitment of specialized DNA polymerase to resolve impediments. Rad18-mediated ubiquitination of PCNA is responsible, in part, for the recruitment of specialized DNA polymerase for distinct forms of DiToRS depending on the oncogenic cellular context. Engagement of specialized polymerases allows fork progression past DiToRS and continued cell cycle progression.
Funding: Research in our laboratory was supported by supported by NIH grant R01-GM087472, the Donald B. and Dorothy L. Stabler Foundation, and generous donations to the Jake Gittlen Cancer Research Foundation.
